Background The regulation of intestinal barrier permeability is important in the maintenance of normal intestinal physiology. Sphingosine-1-phosphate (S1P) has been shown to play a pivotal role in enhancing barrier function in several non-intestinal tissues. The current study determined whether S1P regulated function of the intestinal epithelial barrier by altering expression of E-cadherin, an important protein in adherens junctions. Methods Studies were performed upon cultured differentiated IECs (IEC-Cdx2L1 line) using standard techniques. Results S1P treatment significantly increased levels of E-cadherin protein and mRNA in intestinal epithelial cells (IECs) and also led to E-cadherin localizing strongly to the cell-cell border. S1P also improved the barrier function as indicated by a decrease in 14C-mannitol paracellular permeability and an increase in transepithelial electrical resistance (TEER) in vitro.
Introduction
The gastrointestinal (GI) mucosa is lined by an epithelial cell layer which forms an important barrier protecting subepithelial tissue from injury by noxious chemicals, allergens, and infectious pathogens. Intestinal barrier dysfunction has been implicated in a wide variety of pathologic conditions, such as infection, trauma, inflammation, and malignancy [1, 2] , and the integrity of this layer strongly depends on specialized structures involved in cell-cell contacts, including tight junctions, adherens junctions, and desmosomes [3] [4] [5] [6] [7] [8] . These junctions maintain normal epithelial structure and surround the subapical region of epithelial cells [5, 9, 10] , and they work in concert both to seal [3, 9, 11, 12] and to mediate strong cell-cell adhesion [5, 10, 13, 14] .
The cadherins are a group of Ca 2? -dependent adhesion molecules essential for the induction and maintenance of cell-cell contacts [5, 7] . E-cadherin is primarily found at the adherens junctions and is the major cadherin expressed in epithelial cells, including those of the GI tract [5, 7, 15, 16] . It is thought that the strong E-cadherin-mediated cellcell adhesions necessary for barrier integrity are brought about by E-cadherin homodimerization to neighboring cells, and its conserved cytoplasmic domain interacting with the cytoskeleton through actin-binding proteins, leading to strengthened cell-cell adhesion [7, [17] [18] [19] [20] .
Sphingosine-1-phosphate (S1P) is a bioactive lysophospholipid with important biological functions, which include cell adhesion, barrier regulation, proliferation, differentiation, migration, and survival [21] [22] [23] [24] [25] [26] [27] . S1P is ubiquitous in cells and is produced intracellularly, though its broad spectrum of effects on distinct cellular functions occur via specific cell surface receptors [25, [28] [29] [30] [31] . Through its interaction with the endothelial-differentiation-gene (EDG) family of receptors, S1P is shown to have protective effects in a growing number of tissues, including the pancreas, thyroid, heart, kidney, and liver [32] [33] [34] [35] [36] [37] [38] [39] , as well as in the lung, where S1P increases transepithelial electrical resistance (TEER), thus, enhancing barrier function [21, 24, 26, 31, [40] [41] [42] [43] . Although the exact mechanism underlying S1P in mediating its protective effects on endothelial barrier integrity remain unclear, there is a growing pool of data suggesting that the protective effect of S1P is mediated in part through associations with cortactin (an F-actin crosslinking polypeptide) and myosin light chain kinase [21] , as well as the enhancement of cadherin-based adherens junctions [44, 45] . Interestingly, although S1P is most abundant in intestinal tissue [46, 47] and its receptors and S1P synthetic enzymes are highly expressed in intestinal epithelial cells [48] , there is little data available regarding the role of S1P on normal intestinal epithelial cell (IEC) integrity.
The aim of the current study was to test the hypothesis that S1P is involved in the regulation of intestinal barrier function by altering the expression of adherens junctions through a process involving Ca 2? . First, we examined the effects of S1P treatment on the expression and distribution of E-cadherin and b-catenin in differentiated intestinal epithelial cells. Second, we ascertained whether S1P would affect permeability in these cells.
Materials and Methods

Chemicals and Supplies
Disposable cultureware was purchased from Corning Glass Works (Corning, NY). Tissue culture media and dialyzed fetal bovine serum (dFBS) were obtained from GIBCO-BRL (Gaithersburg, MD), and biochemicals, including S1P, were purchased from Sigma (St. Louis, MO). The monoclonal antibodies against E-cadherin, and b-catenin, were purchased from BD Transduction Laboratories (Lexington, KY). The antibody against JAM-1 was obtained from R&D Systems (Minneapolis, MN). The antibody against S1P1 was purchased from Abcam Incorporated (Cambridge, MA). The 12-mm Transwell filters (0.4-lm pore size, clear polyester) were obtained from Costar (Cambridge, MA). Fluorescein-conjugated goat antimouse and goat antirabbit antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA).
14 Clabeled mannitol was obtained from Amersham Pharmacia Biotech (Piscataway, NJ).
Cell Culture and General Experimental Protocols
The stable Cdx2-transfected-IEC-6 cell line was developed and characterized by Suh and Traber [49] , and was a kind gift from Dr. Peter G. Traber (University of Pennsylvania, Philadelphia, PA). The expression vector LacSwitch System (Stratagene, La Jolla, CA) was used for directing the conditional expression of Cdx2, and isopropyl-D-thiogalactopyranoside (IPTG) served as the inducer for gene expression. IEC-6 cells were transfected with pOPRSVCdx2 by an electroporation technique and clones resistant to selection medium containing 0.6 mg/ml G418 and 0.3 mg/ml hygromycin B were isolated and screened for Cdx2 expression by Northern blot, RNase protection assays, and electrophoretic mobility shift assay. Stock stable Cdx2-transfected IEC-6 cells were grown in the DMEM used in parental nontransfected IEC-6 cells. Before the experiments, cells were grown in DMEM containing 4 mM IPTG for 16 days to induce cell differentiation. In the first series of studies, we examined the effects of S1P treatment on the expression and cellular distribution of Ecadherin, b-catenin, and JAM-1 in IEC-Cdx2L1 cells. Cells were grown in control media until confluent, at which point the cells were treated with solutions according to the assays to be conducted. The monolayers were washed three times with ice-cold Dulbecco's PBS (DPBS). In the second series of studies, we investigated whether the depletion of [Ca 2? ] cyt followed by S1P treatment altered E-cadherin expression. In the Ca 2? -free medium, 1.8 mM CaCl2 was replaced by 1.8 mM MgCl2 and an additional 0.1 mM EGTA was added to chelate the residual Ca 2? . Free Ca 2? in the Ca 2? -free medium was \0.002 mM. Levels of Ecadherin mRNA and protein were measured at various times after sequential treatment with Ca 2? -free medium followed by S1P in control medium. In the third series of studies, we investigated whether observed changes in Ecadherin expression after S1P treatment alter paracellular permeability in the differentiated IEC-Cdx2L1 cells. Permeability was measured by paracellular tracer flux assays and the membrane-impermeable molecule [ 14 C] mannitol served as the molecular tracer, as well as changes in TEER.
Reverse Transcription and Real-Time PCR Total RNA was isolated by using an RNeasy Mini Kit (Qiagen, Valencia, CA). Equal amounts of total RNA (2 lg) were transcribed to synthesize single-strand cDNA with a reverse transcription (RT)-PCR kit (Invitrogen Life Technologies, Carlsbad, CA), as previously described [50] . Primers for E-cadherin were purchased from R&D Systems Inc. (Minneapolis, MN) and yielded a 397-bp fragment.
The levels of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) PCR product were assessed to monitor the even RNA input in RT-PCR samples. Real-time quantitative PCR (Q-PCR) was performed using an Applied Biosystems instrument (Foster City, CA) using specific primers, probes, and software (Applied Biosystems). The levels of E-cadherin mRNA were quantified by Q-PCR analysis and normalized to a control.
Western Blot Analysis
Cell samples dissolved in ice-cold RIPA buffer (50 mM TrisÁHCl, pH 7.4, 150 mM NaCl, 1 mM DTT, 0.5 mM EDTA, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM phenylmethylsulfonyl fluoride, 20 lg/ml aprotinin, 2 lg/ml leupeptin, and 2 mM sodium orthovanadate) were sonicated and centrifuged at 14,000 rpm for 15 min at 4°C. The protein concentration of the supernatant was measured by the methods described by Bradford [51] and each lane was loaded with 2-5 lg of protein equivalent. The supernatant was boiled for 5 min and then subjected to electrophoresis on 7.5% acrylamide gels according to Laemmli [52] . Briefly, after the transfer of protein onto nitrocellulose filters, the filters were incubated for 1 h in 5% nonfat dry milk in 19 TBS-T buffer (Tris-buffered saline, pH 7.4, with 0.1% Tween 20).
Immunologic evaluation was then performed overnight at 4°C in 5% nonfat dry milk-TBST buffer containing specific antibodies against E-cadherin, b-catenin, ZO-1, ZO-2, occluding, EDG-1, or JAM-1 proteins. The filters were subsequently washed with 19 TBST and incubated with the secondary antibodies conjugated with horseradish peroxidase (HRP) for 1 h at room temperature. The immunocomplexes on the filters were reacted for 1 min with chemiluminescence reagent (NEL-100, DuPont NEN).
Immunofluorescence Staining
The immunofluorescence procedure was carried out according to the method of Vielkind and Swierenga [53] with minor changes [54, 55] . Cells were incubated with the primary antibody against E-cadherin, occludin, EDG-1, and JAM-1 at 4°C overnight and then incubated with secondary antibody conjugated with FITC for 2 h at room temperature. After the slides were rinsed three times, they were mounted and viewed through a Zeiss confocal microscope (model LSM410). Images were processed with Photoshop software (Adobe, San Jose, CA). For the actin staining, the cells were treated similarly, except that incubation occurred with 1:40 dilution of rhodaminelabeled phalloidin in PBS/BSA for 45 min at room temperature and then the cells were visualized under confocal microscopy.
RNA Interference
The siRNA (small interfering RNA) were designed to cleave specifically the EDG-1 (S1P1) mRNA (siEDG-1); these, as well as the control (C-siRNA-which had no specific homology to any one gene) were synthesized and purchased from Dharmacon Inc. (Lafayette, CO). For each 60-mm cell culture dish, 25 ll of the 20 lM stock siRNA EDG-1 or C-siRNA was mixed with 500 ll of Opti-MEM medium (Invitrogen). This mixture was gently added to a solution containing 10 ll Lipofectamine TM 2000 (Invitrogen) in 500 ll Opti-MEM medium. The solution was incubated for 20 min at room temperature and gently overlaid onto the monolayer of cells in 4 ml of medium, and the cells were harvested for various assays after 48 h of incubation.
Measurement of [Ca 2? ] cyt
Details of the digital imaging methods used for measuring [Ca 2? ] cyt are described in our previous publications [56, 57] . Briefly, cells were plated on 25-mm coverslips and were incubated in culture medium containing 3.3 lM fura 2-AM for 30-40 min at room temperature (22-24°C) under an atmosphere of 10% CO 2 in air. Fluorescent images were obtained with a microchannel plate image intensifier (Amperex XX1381; Opelco, Washington, DC) coupled by fiber optics to a PULNiX charge-coupled device (CCD) video camera (Stanford Photonics, Stanford, CA). Image acquisition and analysis were performed with a MetaMorph Imaging System (Universal Imaging, Ypsilanti, MI).
[Ca 2? ] cyt was calculated from fura-2 fluorescence emission excited at 380 and 360 nm by the ratio method [58] .
Paracellular Tracer Flux Assay
Flux assays were performed with the 12-mm Transwell filters as described by Wong and Gumbiner [59] with minor modification. Briefly, IEC-Cdx2L1 cells were grown in control cultures and then trypsinized, plated at a confluent density of 4 9 105 cells/cm 2 on the insert, and maintained under the same culture conditions for an additional 48 h to establish tight monolayers. [ 14 C] mannitol (mol wgt 184) served as the paracellular tracer in this experiment. At the beginning of the flux assay, both sides of the bathing wells of the Transwell filters were replaced with fresh medium containing 5 mM unlabeled mannitol. [ 14 C] mannitol was added to a final concentration of 3.6 nM to the apical bathing wells that contained 0.5 ml of medium. The basal bathing well had no added tracer and contained 1.5 ml of the same flux assay medium as in the apical compartment. All flux assays were performed at 37°C, and the basal medium was collected 2 h after the addition of [ 14 C] mannitol for counting in a Beckman liquid scintillation counter. The results were expressed as the percentage of total count values of each tracer. As an adjunct, TEER was measured by a method described previously [60, 61] . Transwell inserts containing the cell monolayers were placed inside the EndOhm-12 chamber (World Precision Instruments, Sarasota, FL) and TEER was measured across the monolayers using an Epithelial Tissue Voltohmmeter (World Precision Instruments, Sarasota, FL) and was expressed as ohms per centimeter square.
Statistics
All data are expressed as means ± standard errors (SE) from six or eight samples. Autoradiographic and immunofluorescence labeling experiments were repeated three times. The significance of the difference between means was determined by two-way analysis of variance (ANOVA). The level of significance was determined with the Duncan's multiple-range test.
Results
Presence of EDG-1 (S1P1) Receptors in Intestinal Epithelial Cells
To determine whether intestinal epithelial cells possess EDG (S1P) receptors, we harvested protein from intestinal epithelial cells and used Western blotting techniques to determine the expression of EDG-1 receptor proteins. Figure 1 shows the presence of the EDG-1 (S1P1) protein in both parental IEC-6 cells and differentiated IEC-Cdx2L1 cells. We also verified their presence in Caco-2 cells (data not shown). Further studies also determined the absence of the EDG-3 (S1P3) receptor (data not shown). We also assessed these cells for sphingosine kinase 1 (SphK1) and found that it was present in both undifferentiated and differentiated IECs, but appeared to be greater in the undifferentiated cells (data not shown). These results indicate that both differentiated and undifferentiated intestinal epithelial cells elaborate EDG-1 receptors but not the EDG-3 receptors, and that they each demonstrate SphK1.
S1P Enhances Epithelial Cell Barrier Properties In Vitro
We have previously examined influences on intestinal barrier function in differentiated IECs [50, 62] , as measured by the assessment of TEER and 14 C-mannitol permeability, and we sought to see if S1P exposure resulted in enhanced intestinal epithelial barrier function. Cells were grown to confluence to establish a tight monolayer. As shown in Fig. 2 , S1P enhanced the epithelial barrier, as indicated by an increase in TEER and a decrease in paracellular permeability. This effect was maximal at an S1P dose of 0.5 lM ( 14 Cmannitol permeability improved by *40% and TEER improved from 31.3 ± 1.5 to 44 ± 2 X/cm 2 , n = 12, P \ 0.05) and was significant up to 10 lM (higher doses demonstrated no effect). The duration of S1P exposure (at 0.5 lM) also affected the barrier function, with significant effects noted as early as 30 min and lasting up to 24 h, and with the maximal effect noted at 4 h ( 14 C-mannitol permeability improved by *31%). Exposure of the cells to Ca 2? -free medium served as a positive control, and as expected (Fig. 2) , showed dramatically increased paracellular permeability to 14 C-mannitol at 2 h. These results indicate that S1P decreases the intestinal epithelial paracellular permeability in a dose-and time-dependent fashion.
We next performed co-administration of S1P with cycloheximide (CHX) in order to demonstrate that the observed enhancement in barrier properties was (at least in part) due to protein expression. Figure 2d demonstrates that the observed S1P-induced improvement in barrier function is ablated with CHX treatment.
Effect of S1P Treatment on the Expression of E-Cadherin, b-Catenin, and JAM-1 Previously, we have demonstrated that, in differentiated Cdx2L1 cells, decreased E-cadherin levels result in 
impaired barrier function [62] . As such, since S1P induced decreases in paracellular permeability, we sought to determine whether S1P regulated cell-cell junctional interactions. As shown in Fig. 3A , treatment with S1P for 4 h dose-dependently increased the E-cadherin levels, with significant induction in the levels of E-cadherin noted at 100 nM and a maximal response at S1P exposure of 0.5 lM. In contrast, S1P did not have an effect on b-catenin or JAM-1 levels (JAM-1 data not shown). Additionally, Fig. 3B shows that S1P initiated a significant effect on Ecadherin levels in 1 h, and also that this selective effect of S1P (0.5 lM) on E-cadherin was maximal at 3 h, at which point the effect is seen to plateau. Finally, real-time PCR analysis of E-cadherin mRNA expression after exposure to S1P at (0.5 lM) increased E-cadherin levels by 2.69 within 1 h of exposure (Fig. 3C) ; this effect, however, did not exactly parallel the increased protein levels, as the increase returned to control levels after 4 h. These results show that, in intestinal epithelial cells, S1P rapidly increases E-cadherin, both protein levels, and mRNA levels. The results due to S1P were specific, as related peptides such as ceramide did not demonstrate similar effects on the E-cadherin level (Fig. 3D) .
Effects of S1P Treatment on the Cellular Distribution of E-Cadherin and b-Catenin
To determine whether S1P altered the subcellular distribution of E-cadherin, immunofluorescence staining was performed in this study. In comparing cells treated with S1P (0.5 lM) for 4 h to control cells (Fig. 4) , immunoreactivities for E-cadherin were markedly increased along the cell-cell (Fig. 5a ). As shown in Fig. 5b , S1P treatment at 0.5 and 1 lM significantly increased [Ca 2? ] cyt influx in a dose-dependent fashion. Cells were of normal viability and were plated 2D prior to experimentation.
[Ca 2? ] cyt on E-Cadherin Expression and Permeability
We have previously demonstrated that altering [Ca 2? ] cyt regulates E-cadherin expression [56, 62] . In this study, we tested the possibility that S1P preserved levels of E-cadherin during Ca 2? -free (CaF) conditions. In the first study, we examined whether the decreased [Ca 2? ] cyt seen upon the removal of extracellular Ca 2? alters the decreased E-cadherin mRNA (data not shown) and also inhibited E-cadherin protein expression at 4 h after exposure to the CaF media (Fig. 6) ; however, pretreatment with S1P (0.5 lM, 1 h) prevented this decrease in E-cadherin. No effect was seen on b-catenin in parallel experiments under the same conditions (data not shown). We next determined whether S1P would improve paracellular permeability during CaF conditions, which we have shown leads to dramatic increases in intestinal epithelial paracellular permeability. CaF media at 2 h led to dramatic increased permeability to 14 C-mannitol (Fig. 6c) , and coincubation with S1P (pretreatment of 0.5 lM, 1 h) was able to preserve permeability at a level unchanged versus control conditions. This effect was time-sensitive, however, as S1P was unable to reverse the permeability changes from a 6-h exposure to CaF media (data not shown). Immunofluorescence staining was repeated for E-cadherin in CaF conditions; pretreatment with S1P (0.5 lM, 2 h) demonstrated partial maintenance of the cortical staining (Fig. 6d) . These results indicate that S1P is able to at least partially prevent CaF-associated decreases in E-cadherin levels and increases in paracellular permeability.
Discussion
An increasing body of evidence indicates that S1P is a critical regulator of cellular barrier function in mammalian cells [21, 23, 24, 40] and that this, in part, involves the manipulation of the proteins involved in cell-cell adhesion [21, 42] . Though S1P is abundant in the mammalian intestine [46] [47] [48] , a specific role of S1P in the regulation of intestinal barrier integrity remains to be elucidated. The present studies demonstrate that S1P modulated the expression and cortical location of E-cadherin, as it did similarly in other mammalian systems [5, 21, 24] . The most significant of the new findings was that S1P augments intestinal barrier function in differentiated rat intestinal epithelial cells. Also, the markedly increased permeability at the intestinal barrier seen with calcium-free conditions could be reversed partly through S1P exposure. These findings indicate that S1P plays a critical role in modulating the integrity of the intestinal barrier, and it may indicate a role of S1P in pathological conditions where this barrier is injured.
The role of S1P in enhancing the integrity of the endothelial barrier has been extensively studied in both in vivo and in vitro systems. S1P primarily induces its Fig. 4 Effect of S1P on the cellular distribution of E-cadherin and b-catenin. Cells were plated in a four-well chamber slide and grown in control medium to confluence. Cells were treated and then fixed for immunostaining. Cells were incubated with the specific antibody against E-cadherin and b-catenin and then with antiIgG conjugated with FITC. Slides were viewed through a Zeiss confocal microscope. The results are representative data from five experiments downstream effects via specific receptor-mediated interactions, such as EDG-1 (S1P1) and EDG-3 (S1P-3) in cell surface receptors. This alteration in the barrier is not due to transcellular transport, but, rather, changes in paracellular transport [63] . Garcia et al. have reported that S1P plays a critical role in endothelial junction integrity via the cytoskeletal rearrangement of actin-binding proteins, such as myosin light-chain kinase and cortactin [21, 24] . S1P-regulated barrier function is dependent on its interacting with the EDG-1 receptor, and is also related to activation of the downstream target PI3K and to actin rearrangements, as silencing at any of these steps abolished the protective effect of S1P [26, 41] . The relevance of EDG-1 is further underscored by the fact that EDG-1 knockouts were lethal in utero [64] . In the current study, we demonstrate the presence of EDG-1, but not EDG-3, in IECs (Fig. 1) , and we have recently [65] demonstrated that S1P's effect on the differentiated IECs is blocked by the silencing of either the EDG-1 receptor or of PI3K inhibition. S1P is also shown to induce the peripheral enhancement of VE-cadherin, a member of the cadherin family of proteins, with localization of VE-cadherin to areas of cell-cell contact [41] . It has been shown that the adherens junction acts to integrate data from varied signaling transduction pathways involved in cell-cell adhesion and cellular cytoskeletal arrangement to regulate intestinal epithelial barrier function. E-cadherin is a calcium-dependent cell-surface component of the adherens junction and its cytoplasmic domain interacts with the catenin family of proteins [41] . This cadherincatenin complex, in turn, associates with the actin cytoskeleton to bolster cell-cell adhesion, thus, functionally regulating the intestinal epithelial barrier [62] . E-cadherin forms these cadherin-catenin complexes during the assembly of the adherens intercellular junctions and they continue to strengthen and develop into mature adherens junctions. The silencing of E-cadherin with specific antibodies against it lead to disruption of the adherens junctions and increased permeability [66, 67] , and dominant negative mutants for E-cadherin have demonstrated assembly failure of the tight and adherens junctions, and, consequently, increased paracellular permeability. Thus, S1P has been demonstrated to elaborate permeability changes through mechanisms involving E-cadherin, and E-cadherin has been demonstrated [62] to be integral to intestinal permeability, but S1P's relevance in intestinal barrier function has not previously been demonstrated. In the present study, we show that S1P exposure led to dramatic increases in cytosolic calcium concentrations (Fig. 5) and in E-cadherin mRNA and protein expression versus the control (Fig. 3) . We have reported previously [62] that increased E-cadherin expression alone can explain improved barrier function, and we have shown that S1P specifically is lessening paracellular permeability in intestinal epithelial cells that is, at least partly, due to the increased expression of E-cadherin. The exact mechanistic details of S1P-regulated E-cadherin expression is still under investigation; recent reports [68] have implicated zinc-finger transcriptional repressors snail and slug for this epithelialmesenchymal transition (EMT); however, we have not seen evidence that S1P alters snail or slug in intestinal epithelial cells (data not shown).
The current study further demonstrates that S1P modulates the subcellular localization of E-cadherin in differentiated Cdx2L1 cells (Fig. 4) . In endothelium, S1P modulates barrier function via the S1P1/Akt/Rac small GTPase pathway. Additionally, several proteins, including VE-cadherin and JAM-1, were observed to co-localize in cellular junctional areas when treated with S1P, suggesting a functional involvement in S1P-induced cell-cell interactions and barrier integrity. While we did notice the change in E-cadherin expression and co-localization with S1P exposure, it is of note that we did not find similar changes in JAM-1 or b-catenin in the intestinal cells (Figs. 3 and 4 , and some data not shown). Clearly, further studies are needed to define the exact mechanism for this specific protein response.
The results presented in Fig. 3 show that S1P significantly decreased the permeability of confluent Cdx2L1 cells to [ 14 C] mannitol and concomitantly increased the TEER of these cells as well. Significant S1P-mediated enhancement of barrier integrity has been demonstrated by Garcia et al. in pulmonary endothelial cells [21, 41] , and was thought to be due, in part, to the strengthening of the -free media. d Immunostaining of cells for E-cadherin. CaF cells were exposed to control media and S1P containing (0.5 lM) media for 2 h prior to CaF conditions. Pictures were obtained after 1 h of CaF media exposure. Values are means ± SEM of data from six samples. * P \ 0.05 compared with control IEC-Cdx2L1 cells unexposed to S1P
cytoskeleton by S1P-mediated distribution/assembly of adherens proteins. Our data (Fig. 3) demonstrate that intestinal epithelial cells show significantly increased resistance at 30 min of exposure, similar to previously published reports [21] . The rapidity of this response would imply that this is due to both calcium-mediated events and to S1P assembling and stabilizing of the adherens junction (and, therefore, the entire paracellular junctional complex), and the co-localization of these proteins to the cell-cell contact area has been shown to occur within 1 h of S1P stimulation [21, 44] . Despite this rapid response, and especially coupled with the relatively short half life in blood of S1P (under 1 h), it would be surprising that the effects of S1P last as long as they did in our experiments; however, our time course is entirely consistent with the observed effects seen on the pulmonary barrier [39] , where a single injection of S1P results in persistent effects for up to 24 h. This suggests that S1P attenuates a long-term response via the activation or repression of transcriptional and translational pathways, and our data from Fig. 3 show a protective effect at the barrier that extends for several hours after initial exposure.
The results presented in Fig. 6 show that S1P attenuates the response of CaF media on paracellular permeability in intestinal epithelial cells. S1P has been shown to protect canine lungs from acute lung injury from various inflammatory insults [39] , and further studies are underway to investigate the extent of the protective effect of S1P on the intestinal mucosa.
In summary, these results indicate that S1P has a barrierprotective effect on differentiated intestinal epithelial cells. S1P increases the levels and distribution of E-cadherin, which has been shown previously to play a major role in cellular adhesion and the cytoskeletal arrangement. This specific increase in E-cadherin leads to improved barrier integrity in both physiological conditions and, potentially, under pathological conditions.
